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Abstract. The basic operation principles of non-invasive
microwave sensors are summarized in this work, with spe-
cific emphasis on health-care systems applications. Design
criteria to achieve reliable results in terms of biological
parameters detection are specifically highlighted. In par-
ticular, the importance to adopt accurate frequency models
for the complex permittivity (in terms of both dielectric
constant as well as loss tangent) in the synthesis procedure
of the microwave sensor is clearly motivated. Finally, an
application example of the outlined new perspectives in the
framework of glucose monitoring to face diabete disease is
deeply discussed.
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1. Introduction

The increase in chronic pathologies related to actual
lifestyle demands for urgent changes in the evolution of
health-care systems. A primary challenge to satisfy this
need is the achievement of high-care at reduced costs, by
focusing on the promotion of prevention and effective
disease management, rather than on specialized care
systems for the treatment of late-stage pathologies. Health-
care providers and users are increasingly interested in the
adoption of new communication technologies (e.g.
smartphones), thus moving towards a new paradigm of
‘e-health’ monitoring (Fig. 1), which however is at an early
stage and is still in development. In order to provide accu-
rate and early diagnoses, e-health devices should guarantee
a continuous monitoring without interference in daily life,
and they should also avoid the need of external people for
the biomedical control. To this end, microwave biosensors
can give a valid alternative to standard chemical devices,
typically having short lifetime, and based on the use of
fluid probe which limits the application to discontinuous
monitoring.

The basic principle of microwave biosensors relies on
the specific property of electromagnetic fields to interact
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Fig. 1. A description of e-health monitoring (courtesy of
http://antennas.eecs.qmul.ac.uk/research/body-centric-
wireless-commnication-and-networks/)

with matter, in a different way depending on its molecular
structure, thus leading to investigate the tissues composi-
tions by examining the variation of their dielectric proper-
ties in response to the applied excitation field.

Specific advantages can be identified in the adoption
of microwaves and millimeter waves. First of all, the abil-
ity of electromagnetic fields to penetrate into biological
media can be exploited to implement noninvasive meas-
urements. Furthermore, microwaves represent nonionizing
fields, thus avoiding dangers related to the adoption of
other types of radiation, such as X-rays. When exposed to
microwave fields, biological molecules become polarized
similarly to water, and the excitation wave travels more
slowly with respect to a free-space environment. Micro-
wave biosensors are so designed to convert these changes
in the wave propagation speed through the biological
medium into a quantifiable signal giving the variation of
a specific bio-parameter.

In its practical configuration, a microwave biosensor
is composed by two specific parts, namely the microwave
sensor element and the probe circuit. Various architectures
can be adopted to implement this latter component, which
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is essentially demanded at replacing in a compact minia-
turized form the functionality of a vector network analyzer
(VNA). Practically, it should be able to characterize the
propagation features of the microwave sensor in the pres-
ence of the biological medium, in order to extract its die-
lectric properties. Since the early 1970s, various architec-
tures have been introduced in literature, such as those
based on heterodyne architecture [1] or the six-port tech-
nique [2].

All existing approaches are well suitable to be soon
applied in a large class of biomedical applications [3—6], by
also exploiting emerging integration techniques to realize
devices in a very compact form. However, further ad-
vancements are still required for a more selective correla-
tion of the different stages of a specific pathology to the
changes in the dielectric features of the involved biological
medium. These challenging advancements directly involve
a more accurate design of the microwave sensor element,
through the development of more reliable dielectric models
for biomaterials, to be successively translated into more
reliable correlations to the different stages of the monitored
disease.

2. Basic Principle and Design Criteria

The ability of microwave sensors to monitoring
biological parameters relies on the fact that all biological
molecules have a different dielectric behavior as compared
to air or water, thus changes in the wave propagation speed
(or, equivalently, in the dielectric permittivity) can be in
principle correlated to the human tissues compositions.
However, to achieve reliable results in terms of biological
parameter changes, accurate models are strongly required
to define the variation of dielectric permittivity versus
frequency for different biological materials. Actually, only
approximated models exist, essentially derived from
empirical evaluations.

At microwave and millimeter-wave frequencies, the
interaction between electromagnetic field and matter
caused two specific phenomena, namely:

e a reorientation motion of molecular dipoles, which is
a polarization effect modeled by the real part of per-
mittivity;

e a translational motion of free electric charges, which

is modeled by an equivalent conductivity, giving rise
to an imaginary part in the permittivity.

For polar molecules such as water, the frequency be-
havior of permittivity is described in literature by the
Debye equation as [7]:
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where & is the low-frequency permittivity; &, is the high-
frequency permittivity; z gives the relaxation time; o repre-
sents the ionic conductivity; & is the free-space
permittivity.

Even if biological materials contain large quantities of
water (typically 70-80%), their dielectric properties at mi-
crowave and millimeter-wave frequencies exhibit a be-
havior which differs from the simple model given by (1).
So, to take into account for the different relaxation pro-
cesses, the Cole-Cole model can be adopted for an efficient
dielectric representation of biological tissues over fre-
quency, as given by the following expression [8]:
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where the new parameter o models the broadening of the
dispersion lines.

For better approximations, a description in terms of
multiple Cole-Cole dispersion can be adopted, as given by

[8]:
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Most of existing works on microwave biosensors do
not assume the complete form of the Cole-Cole model, but
the ionic conductivity o, giving rise to the loss tangent, is
typically neglected. This causes an important approxima-
tion error in the retrieval of biological parameter.

The adoption of accurate dielectric models for the tis-
sue structure to be monitored has a fundamental im-
portance to retrieve reliable information and diagnose
pathologies at an early stage. As a matter of fact, the mi-
crowave sensor should be designed by properly taking into
account the lossy behavior of the specific biological mate-
rial to be monitored, which acts as radiation medium. This
will lead to establish a reliable relationship between the
response of the microwave sensor and the biological pa-
rameter to be detected for health-care purposes. However,
some specific points still remain open to further advance-
ments. First of all, most of existing microwave biosensors
in literature are designed on the basis of full-wave simula-
tions performed through cad software, with the optimiza-
tion achieved numerically and typically assuming only the
frequency variation of the real part of permittivity for dif-
ferent tissues structures. To improve accuracy, the varia-
tion of the imaginary part of permittivity should be also
included in the simulation model, and the design process of
the microwave sensor should be enhanced by adopting
analytical models which assume the biological material as
lossy radiation medium. On the other side, further devel-
opments should be also performed to investigate dielectric
models for inhomogeneous biomaterials, thus improving
the accuracy of future implementation of microwave bio-
Sensors.
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3. Application Example: Glucose
Monitoring

Diabete is a chronic disease resulting in the inability
of affected patients to control the glucose level in the blood
stream. The increasing aging of population and the rise of
obesity negatively act to a continuous increment in the
number of diabete patients, and a proper monitoring of
blood glucose levels is strongly required for managing the
disease and avoiding complications.

To achieve a continuous monitoring of glucose levels,
implantable biosensors have been introduced [6—9] which
rely on the interstitial fluid within the dermis to perform
the measurement. However, many degradation factors,
including also tissue fibrosis and inflammation, lead to
a very limited implantation time (max 10 days), thus turn-
ing the attention of research to the investigation of alterna-
tive non-invasive procedures. To this end, various configu-
rations of microwave sensors have been proposed in liter-
ature, all based on the principle that blood permittivity is
affected by its glucose concentration, so glucose levels can
be retrieved from the detection of frequency shift in the
reflection response of the resonant microwave sensor.
Many papers can be found which prove the feasibility of
non-invasive blood glucose monitoring through the adop-
tion of a resonant antenna [5], [10—12], but further work is
still required to achieve true reliable implementations.

A primary approximation of existing approaches re-
lies on the fact that the adopted design procedure only
assumes the frequency variation of the real part of permit-
tivity, while neglecting the effect of glucose concentration
on the loss tangent of blood. This important aspect has
been recently faced by the author in a preliminary work
[13] and it is detailed here as illustration example.

To demonstrate the concept, a very simple configura-
tion is assumed for the resonant microwave sensor, namely
a standard inset-fed patch antenna working in the Indus-
trial, Scientific, Medical (ISM) band around a frequency
fo=2.4GHz. A high permittivity dielectric (&= 10) is
chosen as antenna substrate, in order to reduce the effect of
environmental properties as much as possible. The optimi-
zation of antenna dimensions is performed on Ansys soft-
ware to achieve the resonant condition at the design fre-
quency f,, but considering the proper frequency variation
of the complex permittivity (dielectric constant as well as
loss tangent) relative to the biological material, which acts
as radiation medium.

As the objective is the demonstration of enhanced de-
sign principle, a water-glucose solution is assumed as radi-
ation environment for this preliminary validation work.
First, an experimental characterization of complex permit-
tivity is performed on water solutions with different glu-
cose concentrations (GC). Dielectric measurements are
executed in the Microwave Laboratory at University of
Calabria, by adopting the Anritsu VectorStar VNA and the
open-ended coaxial probe Speag DAK, with an uncertainty

Fig. 2. Test setup for dielectric measurements (Microwave
Laboratory at University of Calabria).
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Fig. 3. Measured dielectric constant vs. frequency for water
solutions with different glucose concentrations.
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Fig. 4. Measured loss tangent vs. frequency for water
solutions with different glucose concentrations.

error less than 1%. A photograph of the adopted test setup
is illustrated in Fig. 2, while the measured frequency data
of both dielectric constant as well as loss tangent are re-
ported in Figs. 3 and 4, respectively.

From data represented in Figs. 3 and 4, it is straight-
forward to deduce that both real and imaginary parts of
permittivity for water-glucose solutions are influenced by
the glucose concentration, thus both information should be
considered as input data in the synthesis process of the
microwave resonant sensor. Furthermore, the dependency
of both dielectric constant and loss tangent on the glucose
level can be fruitfully considered to elaborate reliable cor-
relations from which the glucose level can be accurately
retrieved. On the basis of the above considerations, meas-
ured complex permittivity of water-glucose solutions, re-
trieved from the preliminary dielectric characterization
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stage, is used as input data in the synthesis procedure of the
microwave sensor, acting to obtain the antenna dimensions
which guarantee the optimum matching condition at the
design frequency f,= 2.4 GHz.

Reflection measurements are then performed on the
water solutions with different GC (the same as those
adopted for complex permittivity characterization), and the
experimental return loss curves are reported in Fig. 5,
where a photograph of the realized microwave sensor is
also illustrated. To avoid inaccuracies due to the position-
ing of the microwave sensor, a specific plexiglass box
including a slit is adopted to contain the measured water-
glucose solutions, as illustrated in Fig. 6.

Two significant observations can be done with refer-
ence to measured data of Fig. 5, namely:

T.oor SUESEEE - 1
= —100 mg/d
-25- ~--200 mg/dl|
47 mm --300 mg/dl
-30r -=-400 mg/dl| 7
PR L A, 500 m/di| |
: ‘ ‘ ‘ . ‘
402 24 2.2 23 2.4 2.5 2.6
Frequency [GHz]
Fig. 5. Measured return loss of microwave sensor for various
GC (realized prototype is visible on the lower left
corner).
Fig. 6. Test setup for return loss measurements.
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Fig. 7. Frequency variation vs. GC in the reflection response

of microwave sensor.

e a frequency shift is clearly visible when varying the
GC; in the existing works [5], [10—12], this is the only
effect considered till now for the retrieval of glucose
level,

e an amplitude variation in the curves is obtained for
the different GC; this effect, related to the variation of
loss tangent, is not actually taken into account in lit-
erature, and it could be strongly useful to elaborate
future enhanced correlation models between the re-
flection response of resonant microwave sensor and
the relative GC.

Finally, in Fig. 7, the frequency variation versus GC
is reported, by comparing measured data of Fig. 5 with the
simulated results (Ansys software) obtained in two distinct
cases, namely with and without assuming the loss tangent
variation. The comparison clearly demonstrates a more
accurate result when the loss tangent variation is consid-
ered in the synthesis process of the microwave sensor.

4. Conclusion

The importance and physical principles related to the
adoption of microwave and millimeter waves for non-inva-
sive monitoring of biological parameters have been dis-
cussed in the present work. Existing limitations in the
design criteria of microwave biosensors have been clearly
outlined, together with new wuseful perspectives for
improving the accuracy of future implementations. The im-
portance of assuming the loss tangent frequency variation
of the biological radiation medium in the design of micro-
wave sensor is particularly highlighted, and validation
results in the framework of glucose level monitoring have
been discussed. The concepts outlined in the present work
are intended to provide useful starting guidelines in the
implementation of reliable non-invasive monitoring sys-
tems based on microwaves or millimeter waves as excita-
tion source for biomedical applications.
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